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ABSTRACT
A universal relation is established between the quantum work probability distribution of an isolated driven quantum system and the
Loschmidt echo dynamics of a two-mode squeezed state. When the initial density matrix is canonical, the Loschmidt echo of the
purified double thermofield state provides a direct measure of information scrambling and can be related to the analytic continuation
of the partition function. Information scrambling is then described by the quantum work statistics associated with the time-reversal
operation on a single copy, associated with the sudden negation of the system Hamiltonian.
Introduction
Quantum thermodynamics provides a framework to unify
quantum theory, statistical mechanics, information theory and
thermodynamics1. A central object in this field is the notion of
work associated with the dynamics of an isolated quantum sys-
tem. At the quantum level, work becomes a stochastic variable,
described by a probability distribution2. The analysis of the
associated work statistics has guided seminal developments
in stochastic thermodynamics and nonequilibrium statistical
mechanics. Prominent examples include the Jarzynski equal-
ity3–5 and fluctuation theorems6, 7, with both classical and
quantum counterparts8. Quantum thermodynamics is strongly
tied to quantum dynamics and the notion of reversibility. The
sensitivity of a quantum system to external perturbations is
often characterized via a Loschmidt echo that measures the
extent to which quantum evolution can be reversed upon an
imperfect time-reversal operation9–11. In this context, the
generating function of the work probability distribution as-
sociated with the driving of a pure energy eigenstate via a
quantum quench is known to be identical to the Loschmidt
echo of such eigenstate12. This observation has greatly fa-
cilitated the understanding of quantum work fluctuations in
finite-time, nonequilibrium thermodynamics of many-body
systems12–15. More recently, it has been suggested that the
work probability distribution is related to the out-of-time order
correlators (OTOC)16, 17. First discussed in condensed matter
physics18 and the study of irreversible processes19, OTOC are
currently under exhaustive investigation to diagnose quantum
chaos and scrambling of information in black hole physics20.
This Report establishes a fundamental connection between
work statistics, Loschmidt echo, and information scrambling.
This is done by first showing that the work statistics associated
with an arbitrary driving protocol of a generic quantum state
is equivalent to the Loschmidt echo dynamics of a two-mode
squeezed state in an enlarged Hilbert space. For an initial ther-
mal state, the two-mode squeezed state becomes a thermofield
double state, as that used to describe eternal black holes21.
The work probability distribution resulting from a perfect
time-reversal operation on a given system is determined by
the analytic continuation of the partition function, and then
links to information scrambling. More generally, we show
that work statistics dictates information scrambling resulting
from an arbitrary Loschmidt echo.
Results
Universal relation between quantum work statistics
and Loschmidt echo dynamics
Let us consider an isolated quantum system in a Hilbert space
H and described by the time-dependent Hermitian Hamilto-
nian Hˆs =
∑
n Esn|ns〉〈ns|, with instantaneous eigenstates |ns〉
and eigenenergies Esn. We consider the evolution from time
s = 0 to time s = τ of an arbitrary initial state with density
matrix ρˆ, dictated by the evolution operator
Uˆ(τ) = T exp
[
−i
∫ τ
0
Hˆsds
]
, (1)
where T is the time-ordering operator. We include here also
the case of sudden quenches, with τ→ 0+ such that Uˆ(τ)→ 1,
but in which the final Hamiltonian, for which we retain the
notation Hˆτ, is different from the initial hamiltonian Hˆ0.
Characterizing the work done during this driving protocol
requires two projective energy measurements: one at the ini-
tial time s = 0 and another at s = τ2, 5. The results of both
measurements, respectively E0n and E
τ
m, give the work done as
W = Eτm−E0n. This two-energy measurement scheme prevents
work from being defined as an observable in the quantum
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world2. Even so, it can be understood in terms of a gener-
alized measurement scheme22, 23. The corresponding work
probability distribution can be written as 4, 5
p(W) :=
∑
n,m
p0n p
τ
m|nδ
[
W −
(
Eτm−E0n
)]
, (2)
where p0n = 〈n0|ρˆ|n0〉 is the probability that the initial state is
found in the n-th eigenstate of the initial Hamiltonian, and
pτm|n ≥ 0 is the transition probability from this initial eigenstate
to the m-th eigenstate of the final Hamiltonian |mτ〉, i.e.,
pτm|n = |〈mτ|Uˆ(τ)|n0〉|2. (3)
The integral representation of the delta function in terms of
an auxiliary variable t, δ(W −E) = 12pi
∫ ∞
−∞ dt e
−it(W−E), allows
us to write the work distribution as the Fourier transform
p(W) =
1
2pi
∫ ∞
−∞
dtχ(t, τ)e−itW (4)
of the characteristic function
χ(t, τ) =
∑
n,m
p0n p
τ
m|ne
it
(
Eτm−E0n
)
. (5)
We show below that a universal relation exists between the
work probability distribution p(W) in an arbitrary unitary
protocol and the dynamics of a Loschmidt echo, for any initial
state, including mixed states, e.g. at finite temperature.
Notice that even if the initial state is pure, the first projective
energy measurement in the initial eigenbasis generally leads
to a (post-measurement) mixed state
ρˆmix =
∑
n
Pˆ0n ρˆ Pˆ
0
n =
∑
n
p0n|n0〉〈n0|, (6)
where Pˆ0n denotes the projector on the n-th energy eigenstate of
the initial Hamiltonian at s= 0. Using the explicit definition of
the transition probability, Eq. (3), the characteristic function
(5) can then be written as
χ(t, τ) = Tr
(
Uˆ†(τ)eitHˆτUˆ(τ)e−itHˆ0 ρˆmix
)
. (7)
This form allows us to identify the auxiliary variable t as a sec-
ond time of evolution, different from s, as was first proposed
in Ref.12. Notice that the mixed state ρˆmix is stationary with
respect to Hˆ0, which entails the property χ∗(t, τ) = χ(−t, τ).
Whenever the initial state is an energy eigenstate of Hˆ0,
| j0〉, the initial density matrix simplifies to ρˆ = ρˆmix = | j0〉〈 j0|
and p0n = 〈n0|ρˆ|n0〉 = δn j. In the sudden quench limit τ→ 0+,
the transition probability pτm|n further reduces to |〈mτ|n0〉|2,
and the characteristic function becomes
χ(t,0+) = 〈 j0|e+itHˆτe−itHˆ0 | j0〉 , (8)
recognizable as a Loschmidt amplitude A(t), given by the
survival amplitude of the initial eigenstate | j0〉 first propagated
forward in time with Hˆ0 and subsequently backward in time
with a dynamics generated by Hˆτ12. Thus we are presented
with the Loschmidt amplitude for a quantum quench in the t
evolution, with a driving protocol of the form
Hˆ(t) = Hˆ0 Θ(−t)− HˆτΘ(t), (9)
where Θ(t) is the Heaviside function. The survival probability
L(t) = |A(t)|2 is known as a Loschmidt echo, and can be further
related to the local density of states24. While its exponential
decay in time has often been used to characterize chaotic
systems9, it can occur in simpler, integrable systems25.
In fact, the relation between the generating function and
the Loschmidt echo amplitude is universal, since it holds for
any generic state -pure or not- under any driving protocol. To
show this, we proceed in two steps. First, we consider general
initial states ρˆ that give rise to the post-measurement state
ρˆmix. This state ρˆmix is then purified by embedding it in the
extended Hilbert space HL ⊗HR, with HL = HR = H , e.g.
defining the double-copy state
|Ψ0〉 =
∑
n
√
p0n |n0〉L ⊗ |n0〉R. (10)
Secondly, we introduce an effective single-copy Hamiltonian
Hˆeffτ , acting onH ,
Hˆeffτ = Uˆ
†(τ)HˆτUˆ(τ) . (11)
We note that the dynamics associated with Hˆeffτ with an initial
pure state has been recently discussed in26, 27.
As a result, the characteristic function resulting from the
evolution Uˆ(τ) in Eq. (1) is equal to the Loschmidt echo
amplitude A(t) = 〈Ψ0|Ψt〉 of the purified state (10), when one
of the copies evolves under the sudden quench
Hˆ(t) = Hˆ0 Θ(−t)− Hˆeffτ Θ(t). (12)
Denoting the composition of unitary evolution operators by
the echo matrix Mˆ(t, τ) ≡ e+itHˆeffτ e−itHˆ0 , the characteristic func-
tion (7) becomes
χ(t, τ) = 〈Ψ0|Mˆ(t, τ)⊗1R|Ψ0〉, (13)
where we have emphasized that the evolution acts exclusively
on one of the copies, e.g. here, the left one. In particular, (13)
corresponds to the echo dynamics of a purified initial state
that evolves first forward in time under the initial Hamiltonian
Hˆ0 and then backward under the effective final Hamiltonian
Hˆeffτ , while the second copy is left unchanged. Explicitly,
χ(t, τ) = A(t). (14)
This result shows that the equivalence between the Loschmidt
amplitude and the work statistics holds in a universal setting,
and extends the correspondance that was first demonstrated
for a system prepared in an energy eigenstate of the initial
Hamiltonian Hˆ0 undergoing a sudden quench in12.
As direct consequence of this equivalence, the short-time
decay of the Loschmidt echo is determined by the variance
of the quantum work statistics. In particular, the Loschmidt
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echo is an even function since L(t) = |χ(t, τ)|2 = χ(t, τ)χ(−t, τ).
Under the assumption of analyticity of the generating function
of the cumulants Cn of the work probability density, we have
ln
[
χ(t, τ)
]
=
∑∞
n=1(it)
nCn/n!, which entails
lnL(t) = ln ∣∣∣〈Ψ0|Mˆ(t, τ)⊗1R|Ψ0〉∣∣∣2
= 2
∞∑
n=1
(−1)nt2n
(2n)!
C2n
= −∆W2t2 +O(t4) , (15)
in terms of the variance of the work fluctuations C2 = 〈W2〉−
〈W〉2 ≡ ∆W2 associated with the quench (12) on the system.
This universal short-time asymptotics is reminiscent of the
well-known short-time quadratic decay under unitary evolu-
tion and that gives rise to the quantum Zeno effect28, with a
Gaussian width now identified as the work fluctuations.
Quantum work statistics of time reversal and informa-
tion scrambling
As the connection in Eq. (14) is valid for any generic state,
it applies in particular to mixed states at finite temperature.
In what follows, we shall consider the initial state to be the
canonical thermal state inH , with density matrix
ρˆ = ρˆth =
e−βHˆ0
Tr
(
e−βHˆ0
) , (16)
where β = (kBT )−1 and T is the temperature. In this case, ρˆ =
ρˆmix, and the purification of both is the so-called thermofield
double state29,
|Ψ0〉 = 1√
Z(β)
∑
n
e−
β
2 Hˆ0⊗1R |n0〉L ⊗ |n0〉R, (17)
where Hˆ0 acts on only one of the copies and the normalization
factor Z(β) = TrH [e−βHˆ0 ] =
∑
n e−βE
0
n is the partition function.
We shall focus on the work statistics associated with the
implementation of the time-reversal operation in the original
system inH . When the system Hamiltonian is time-reversal,
the implementation of the time-reversal operation is equivalent
to the sudden negation of the Hamiltonian according to the
quench
Hˆ(t) = Hˆ0 Θ(−t)− Hˆ0 Θ(t). (18)
In the laboratory, such negation of the Hamiltonian can be
implemented making use of a control ancilla C, when the
dynamics of the ancilla-system in the Hilbert space C2⊗H is
generated by the Hamiltonian σzC ⊗ Hˆ0, where σzC is the Pauli
matrix acting on the ancilla30, 31.
The generating function of the corresponding work statis-
tics can be explicitly computed to be
χ(t,0+) =
1
Z(β)
∑
n
e−(β+2it)E
0
n
=
Z (β+ i2t)
Z (β)
, (19)
where we have used the analytically-continued partition func-
tion. The equivalence established above gives the Loschmidt
echo L(t) = |χ(t,0+)|2 as the fidelity between the initial ther-
mofield double state |Ψ0〉 and its time-evolution, also known
as the survival probability:
L(t) = |〈Ψ0|Ψt〉|2 =
∣∣∣∣∣Z (β+ i2t)Z (β)
∣∣∣∣∣2 . (20)
This observation leads to a direct connection with informa-
tion scrambling in black hole physics32–35, where the ther-
mofield double state represents an entangled state of two
conformal field theories that is dual to an eternal black hole
via the AdS/CFT correspondence21. Specifically, an eternal
black hole, which amounts to a non-traversable wormhole
between two asymptotic regions of spacetime, has been con-
jectured to be equivalent to a pair of entangled black holes
in a disconnected space with common time36. In this inter-
pretation, the thermofield double state (17) is not invariant
under time-evolution. Further, it has been argued that no
system scrambles information faster than a black hole20, 33,
prompting the analysis of various tools to diagnose chaos,
including the fidelity decay of a thermofield double state, Eq.
(20)37–40. Therefore, the work statistics associated with the
implementation of the time-reversal operation in a system
dictates the dynamics of information scrambling as described
by the survival probability of the thermofield double state.
Alternatively, information scrambling can also be related
to the work probability distribution associated with a quench
in the enlarged Hilbert spaceH ⊗H described by the Hamil-
tonian
Hˆ(t)⊗1R +1L ⊗ Hˆ0, (21)
with Hˆ(t) given in Eq. (18), as
Z (β+ i2t)
Z (β)
= 〈Ψ0|eit(−Hˆ0⊗1R+1L⊗Hˆ0)e−it(Hˆ0⊗1R+1L⊗Hˆ0)|Ψ0〉. (22)
This corresponds to a local time-reversal operation acting on
the left copy only, leaving the right one untouched. In fact any
independent unquenched evolution for the right copy would
give the same result.
The work probability distribution is the same in both inter-
pretations and follows from (4)
p(W) =
1
Z(β)
Tr
[
e−βHˆ0δ
(
W + 2Hˆ0
)]
=
〈
δ
(
W + 2Hˆ0
)〉
β
, (23)
where
〈
Aˆ
〉
β
= TrH
(
Aˆ ρˆth
)
denotes the thermal average of Aˆ in
the canonical ensemble. Therefore, the work probability dis-
tribution for a time-reversal operation is given by the thermal
average of the density of states operator, ρ(E) = δ
(
Hˆ0−E
)
,
identifying E with −W/2, i.e.,
p(W) =
1
2
〈ρ(E)〉β
∣∣∣
E=−W/2. (24)
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As a result, it follows that the mean work done to reverse the
dynamics of one of the entangled copies in the thermofield
double state |Ψ0〉 ∈ H ⊗H can be obtained from the mean
thermal energy of the canonical ensemble, inH ,
〈W〉 =
∫
dWWp(W) = −2〈Hˆ0〉β. (25)
Conversely, a number of protocols are available to measure
p(W)22, 23, 41 and have been successfully implemented in the
laboratory42–44. The survival amplitude of the thermofield
double state, A(t) = Z (β+ i2t)/Z (β), can thus be accessed
from a measurement of the work statistics p(W) associated
with a time-reversal operation, that via inverse Fourier trans-
form yields A(t) = χ(t,0+) =
∫
dWp(W)e+itW . The Loschmidt
echo simply follows as
L(t) = |A(t)|2 = |χ(t,0+)|2. (26)
These relations result from the implementation of a perfect
time-reversal operation described by the quench (18) or (21).
More generally, one is led to consider an arbitrary quench
dynamics on one of the copies, that can accommodate for
imperfect time-reversal operations, driven by a quench from
Hˆ0 to Hˆτ. The associated Loschmidt echo reads
L(t) = |χ(t, τ)|2,
=
∣∣∣∣∣∣∣∣
TrH
[
eitHˆ
eff
τ e−(β+it)Hˆ0
]
Z (β)
∣∣∣∣∣∣∣∣
2
, (27)
This quantity can generally be extracted from the work distri-
bution function associated with the general quench in (12) via
the inverse Fourier transform yielding the identity
L(t) =
x
dWdW′p(W)p(W′)cos[(W −W′)t]. (28)
Equivalently, the work distribution function refers to the driv-
ing of the system from Hˆ0 to Hˆτ when the dynamics is de-
scribed by the time-evolution operator Uˆ(τ).
Quantum work statistics of quantum chaotic systems
We next illustrate the relation between work statistics,
Loschmidt echoes and information scrambling in a driven
quantum chaotic system. The Hamiltonians we consider are
random N×N Hermitian matrices sampled from the Gaussian
Orthogonal Ensemble (GOE)45, which are invariant under
time reversal. A sudden random quench can be implemented
by choosing the initial and final Hamiltonians, Hˆ0 = Hˆi and
Hˆτ = Hˆ f , from two independent GOE46. The corresponding
characteristic function averaged over the GOE〈
χ(t,0+)
〉
GOE =
〈
1
Z(β)
Tr
(
e−σ f Hˆ f e−σiHˆi
)〉
GOE
, (29)
where σi = β+ it, σ f = −it, is shown in Fig. 1. The average
work probability distribution, also presented in Fig. 1, then
directly follows from Fourier transformation, Eq. (4), and
reads
〈p(W)〉GOE = 12pi
∫ ∞
−∞
dt
〈
χ(t,0+)
〉
GOE e
−itW . (30)
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Figure 1. Quantum work statistics of time reversal and
information scrambling. Absolute value of the
characteristic function,
∣∣∣〈χ(t,0+)〉GOE∣∣∣, generating the
Loschmidt echo 〈L(t)〉GOE and work probability distribution
〈p(W)〉GOE for a driven chaotic system implemented by
sampling the initial and final Hamiltonians from the Gaussian
Orthogonal Ensemble, for (a) an exact time reversal of the
Hamiltonian and (b) an arbitrary sudden quench. Results are
averaged over 5000 realizations of the GOE for N = 20 at
infinite temperature (β = 0, red) and β = 1 (blue).
In turn, the Loschmidt echo associated with this driven chaotic
system follows from the equivalence identified above, Eq.
(26), and can be evaluated from the characteristic function as
〈L(t)〉GOE = 〈 |χ(t,0+)|2 〉GOE. (31)
Figure 1 shows the characteristic function, Loschmidt echo
and work probability distribution for (a) a sudden negation
of the Hamiltonian Hˆ f = −Hˆi, and (b) for an arbitrary sudden
quench. At infinite temperature, the work probability distribu-
tion is symmetric, representing the fact that the initial and final
random Hamiltonians are drawn from ensembles with iden-
tical distributions. As the temperature is lowered, the initial
thermal state samples predominantly the low-energy spectrum
of the initial Hamiltonian, increasing the probability for trajec-
tories associated with positive work, as manifested by the shift
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of 〈p(W)〉GOE towards the positive real axis. Such a shift has a
non-trivial effect on the decay of |〈χ(t,0+)〉GOE |2 whose long
time behavior is characterized by higher values for increasing
temperature. Considering the identified equivalence with the
survival amplitude, this decay can also be interpreted in terms
of information scrambling, as explicit from the Loschmidt
echo LGOE(t) represented in Fig. 1. The Loschmidt echo
associated with the work statistics for a perfect time reversal
operation in one of the copies exhibits the following features,
common to scrambling dynamics of many-body-chaotic sys-
tems38–40: it reaches a minimum value at a dip, followed
by a ramp and a saturation at long values described by the
long-time average. By contrast, the work statistics associated
with a quench between two independent random Hamiltoni-
ans, leads to a Loschmidt echo characterized by an enhanced
decay as manifested by lower values of the dip, which is also
broadened. In addition, the subsequent dynamics towards the
long-time asymptotics no longer exhibits a clear ramp. A
comprehensive analysis of work statistics in quantum chaotic
systems is presented in47.
Conclusion
In summary, we have shown a universal relation between the
quantum work statistics and Loschmidt echo under arbitrary
dynamics. Specifically, within the two projective energy mea-
surement scheme, we have shown that the generating function
of the work probability distribution of an isolated quantum
system prepared in a possible mixed state can be interpreted
as the Loschmidt echo amplitude of a purified density matrix
in an enlarged Hilbert space, for a quench acting on one of the
copies. When the initial state is thermal, the Loschmidt echo
describes the evolution of a thermofield double state and is
ideally suited to assess information scrambling. In particular,
the work statistics associated with the time-reversal opera-
tion – the sudden negation of the system Hamiltonian – is
dictated by the analytic continuation of the partition function,
recently proposed to diagnose quantum chaos. As a result, our
work establishes a firm connection between the finite-time
thermodynamics of closed quantum systems, irreversibility,
and information scrambling.
References
1. Vinjanampathy, S. & Anders, J. Quantum thermodynam-
ics. Contemp. Phys. 57, 545 (2016).
2. Talkner, P., Lutz, E. & Hänggi, P. Fluctuation theorems:
Work is not an observable. Phys. Rev. E 75, 050102
(2007).
3. Jarzynski, C. Nonequilibrium equality for free energy
differences. Phys. Rev. Lett. 78, 2690 (1997).
4. Tasaki, H. Jarzynski relations for quantum systems and
some applications. ArXiV 0009244v2 (2000).
5. Kurchan, J. A quantum fluctuation theorem. ArXiV
0007360 (2000).
6. Crooks, G. E. Entropy production fluctuation theorem
and the nonequilibrium work relation for free energy
differences. Phys. Rev. E 60, 2721 (1999).
7. Seifert, U. Stochastic thermodynamics, fluctuation the-
orems and molecular machines. Rep. Prog. Phys. 75,
126001 (2012).
8. Campisi, M., Hänggi, P. & Talkner, P. Colloquium: Quan-
tum fluctuation relations: Foundations and applications.
Rev. Mod. Phys. 83, 771 (2011).
9. Gorin, T., Prosen, T., Seligman, T. H. & Žnidaricˇ, M.
Dynamics of loschmidt echoes and fidelity decay. Phys.
Rep. 435, 33 (2006).
10. Jacquod, P. & Petitjean, C. Decoherence, entanglement
and irreversibility in quantum dynamical systems with
few degrees of freedom. Adv. Phys. 58, 67 (2009).
11. Goussev, A., Jalabert, R. A., Pastawski, H. M. & Wisni-
acki, D. Loschmidt echo. Scholarpedia 7, 11687 (2012).
12. Silva, A. Statistics of the work done on a quantum critical
system by quenching a control parameter. Phys. Rev. Lett.
101, 120603 (2008).
13. Abeling, N. O. & Kehrein, S. Quantum quench dynamics
in the transverse field ising model at nonzero tempera-
tures. Phys. Rev. B 93, 104302 (2016).
14. García-March, M. A., Fogarty, T., Campbell, S., Busch, T.
& Paternostro, M. Non-equilibrium thermodynamics of
harmonically trapped bosons. New J. Phys. 18, 103035
(2016).
15. Campbell, S. Criticality revealed through quench dynam-
ics in the lipkin-meshkov-glick model. Phys. Rev. B 94,
184403 (2016).
16. Campisi, M. & Goold, J. Thermodynamics of quantum
information scrambling. Phys. Rev. E 95, 062127 (2017).
17. Yunger Halpern, N. Jarzynski-like equality for the out-of-
time-ordered correlator. Phys. Rev. A 95, 012120 (2017).
18. Larkin, A. & Ovchinnikov, Y. N. Quasiclassical method
in the theory of superconductivity. Sov Phys JETP 28,
1200 (1969).
19. Talkner, P. Untersuchungen irreversibler Prozesse in
quantenmechanischen Systemen. Ph.D. thesis, U. of
Stuttgart (1979).
20. Maldacena, J., Shenker, S. H. & Stanford, D. A bound
on chaos. J. High Energy Phys. 8, 106 (2016).
21. Maldacena, J. Eternal black holes in anti-de Sitter. J.
High Energy Phys. 04, 021 (2003).
22. Mazzola, L., De Chiara, G. & Paternostro, M. Measuring
the characteristic function of the work distribution. Phys.
Rev. Lett. 110, 230602 (2013).
23. Roncaglia, A. J., Cerisola, F. & Paz, J. P. Work measure-
ment as a generalized quantum measurement. Phys. Rev.
Lett. 113, 250601 (2014).
5/6
24. Wisniacki, D. A. & Cohen, D. Quantum irreversibility,
perturbation independent decay, and the parametric theory
of the local density of states. Phys. Rev. E 66, 046209
(2002).
25. Dubertrand, R. & Goussev, A. Origin of the exponential
decay of the loschmidt echo in integrable systems. Phys.
Rev. E 89, 022915 (2014).
26. García-Mata, I., Roncaglia, A. J. & Wisniacki, D. A.
Quantum-to-classical transition in the work distribution
for chaotic systems. Phys. Rev. E 95, 050102 (2017).
27. García-Mata, I., Roncaglia, A. J. & Wisniacki, D. A.
Semiclassical approach to the work distribution. EPL
120, 30002 (2018).
28. Chiu, C. B., Sudarshan, E. C. G. & Misra, B. Time
evolution of unstable quantum states and a resolution of
zeno’s paradox. Phys. Rev. D 16, 520 (1977).
29. Semenoff, G. & Umezawa, H. Functional methods in
thermofield dynamics: A real-time perturbation theory
for quantum statistical mechanics. Nucl. Phys. B 220,
196 (1983).
30. Swingle, B., Bentsen, G., Schleier-Smith, M. & Hayden,
P. Measuring the scrambling of quantum information.
Phys. Rev. A 94, 040302 (2016).
31. García-Álvarez, L. et al. Digital quantum simulation of
minimal AdS/CFT. Phys. Rev. Lett. 119, 040501 (2017).
32. Hayden, P. & Preskill, J. Black holes as mirrors: quantum
information in random subsystems. J. High Energy Phys.
09, 120 (2007).
33. Sekino, Y. & Susskind, L. Fast scramblers. J. High
Energy Phys. 10, 065 (2008).
34. Barbón, J. L. F. & Rabinovici, E. Very long time scales
and black hole thermal equilibrium. J. High Energy Phys.
11, 047 (2003).
35. Barbón, J. & Rabinovici, E. On long time unitarity
restoring processes in the presence of eternal black holes.
Fortsch. Phys. 52, 642 (2004).
36. Maldacena, J. & Susskind, L. Cool horizons for entangled
black holes. Fortsch. Phys. 61, 781 (2013).
37. Papadodimas, K. & Raju, S. Local operators in the eternal
black hole. Phys. Rev. Lett. 115, 211601 (2015).
38. Cotler, J. S. et al. Black holes and random matrices. J.
High Energy Phys. 2017, 118 (2017).
39. Dyer, E. & Gur-Ari, G. 2D CFT partition functions at
late times. J. High Energy Phys. 08, 75 (2017).
40. del Campo, A., Molina-Vilaplana, J. & Sonner, J. Scram-
bling the spectral form factor: Unitarity constraints and
exact results. Phys. Rev. D 95, 126008 (2017).
41. Dorner, R. et al. Extracting quantum work statistics and
fluctuation theorems by single-qubit interferometry. Phys.
Rev. Lett. 110, 230601 (2013).
42. Batalhão, T. B. et al. Experimental reconstruction of work
distribution and study of fluctuation relations in a closed
quantum system. Phys. Rev. Lett. 113, 140601 (2014).
43. An, S. et al. Experimental test of the quantum jarzynski
equality with a trapped-ion system. Nat. Phys. 11, 193
(2015).
44. Cerisola, F. et al. Using a quantum work meter to test
non-equilibrium fluctuation theorems. Nat. commun. 8,
1241 (2017).
45. Mehta, M. L. Random Matrices (Elsevier, San Diego,
2004).
46. Lobejko, M., Luczka, J. & Talkner, P. Work distributions
for random sudden quantum quenches. Phys. Rev. E 95,
052137 (2017).
47. Chenu, A., Molina-Vilaplana, J. & del Campo, A. Work
statistics, loschmidt echo and information scrambling in
chaotic quantum systems. ArXiV 1804.09188 (2018).
Acknowledgments
It is a pleasure to thank John Goold, Juan Jaramillo, and
Julian Sonner for insightful discussions. Funding support
from UMass Boston (project P20150000029279) and the John
Templeton Foundation is acknowledged. ILE acknowledges
funding from Spanish MINECO/FEDER FIS2015-69983-P,
the Basque Government through IT986-16, and UPV/EHU
with grant EHUA15/17. JMV is supported by Ministerio de
Economía y Competitividad FIS2015-69512-R and Programa
de Excelencia de la Fundación Séneca 19882/GERM/15. AC
and AdC acknowledge the hospitality of the Simons Center
for Geometry and Physics during completion of this work.
6/6
